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ARTICLE INFO ABSTRACT
Article history: The impact of y-irradiation on the electrical and thermoelectret properties of
Received: 2024-10-09 HDPE/a-5iOz nanocomposites was thoroughly studied, with a particular focus
Received in revised form: 2024-10-16 on the influence of varying filler concentrations ranging from 0% to 5% by
Accepted: 2024-11-14 volume. This research aimed to investigate how both the y-irradiation and the
Auvailable online addition of a-SiO2 nanoparticles affected the overall electrical behavior of the
Keywords: nanocomposite. Key electrical properties such as the dielectric constant (¢'),
nanocomposite, dielectric loss coefficient (e”), and alternating current (AC) electrical
dielectric permittivity, conductivity (o) were measured over a broad frequency range spanning from
electrical conductivity, 25 Hz to 1 MHz. Furthermore, the samples were exposed to absorbed y-
frequency. radiation doses ranging from 0 to 200 kGy, to evaluate the dose-dependent

effects. The results showed that increasing the filler concentration and
irradiation dose significantly altered the dielectric and conductive properties,
providing valuable insights into the optimization of nanocomposites for various
electrical applications. These findings suggest that the controlled use of fillers
and irradiation can be used to fine-tune the electrical performance of polymer-
based nanocomposites.

BAVISTHUIE T-U3AYUYEHUS HA AUDAEKTPUUYECKUE CBOMCTBA KOMITIO3UTOB HDPE/ a -SiO:
PE3IOME

Bausinue y-064ydenis Ha ®AeKTpudecKye I TepMODAeKTPeTHbIE CBOVICTBA HAHOKOMITIO3MTOB HDPE/a-SiO2 6110
TIIJATEABHO M3Y4€HO, C OCOOBIM aKIIEHTOM Ha BAVLSIHIIE M3MEHEHIsT KOHLIEHTpauy HalloAHUTeAs B guanasoHe oT 0%
20 5% 110 06Bemy. Lleapio rccaesoBaHVsT OBLAO BBIACHUTS, KaK Y-00ydeHre 1 400aBAeHye HaHodacTuIl &-SiOz2 BAUAIOT
Ha oOmMe »AeKTpMIeCcKre XapaKTePUCTVKY HaHOKOMIIo3uTa. OCHOBHBIE DAEKTpUYECKNe CBOVICTBA, TaKle KakK
AVDAEKTpIIecKasl MPOHUIaeMOoCTh (g'), KodpPUIEHT AUDAEKTPUIECKUX IOTeph (£”) UM DAEKTPOIPOBOJHOCTH
IIepeMeHHOTO TOKa (0), M3MepsANCh B IIMPOKOM AuanasoHe yactor oT 25 I'm g0 1 MI'i. Kpome Toro, oOpasiist
ITOABEpPraAuch BO3AENCTBMIO Y-00AydeHmsa B Jo3ax oT 0 a0 200 xIp 449 OIEHKM J0303aBUCUMEIX D(PPeKTOB.
PesyapTaThl 1IOKa3aAl, 4TO yBeAndeHMe KOHIIeHTpaIluy HaIlOAHUTeAd U AO03bI ODAyYeHMs 3HauMTeAbHO U3MeHseT
AUDAEKTPIIeCcKIe Y IPOBOASIIIINIE CBOJICTBA, IIPeJOCTaBASLI [IEHHbIe JaHHBIEe A5 ONTUMM3all/1 HAHOKOMIIO3UTOB A/
Pa3AMIHBIX 9AeKTPUYECKUX IIPMMEHeHMil. DT BBIBOABI IPeAIloAaraioT, YTO KOHTPOAMpPYyeMOe HCIIOAb30BaHIe
HalloAHMTeAell 1  OOAydeHUsI MOXKeT ObITh ICIIOAB30BAHO AASl  TOHKOM — HACTPOMKM — DAEKTPUYecKOl
IIPON3BOAUTEABHOCTH ITOAVMEPHBIX HAHOKOMITO3UTOB.

KaroueBbie ca0Ba: HAHOKOMIIO3UT, AMDAEKTPIYecKas IIPOHMUIIAeMOCTh, DAeKTPOIIPOBOAHOCTD, YacTOTa.
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y-RADIASIYANIN YSPE/ a-Si0: KOMPOZITLORIN DIiELEKTRIK XASSOLORINO TOSIRI
XULASO

Yiiksok sixlight polietilen (YSPE) ve onun ssasinda alinan nanokompozit (YSPE/ a-SiO2) niimunslsrine y-
stialanmanin ve termoelektret halmin tesiri tedqiq edilmisdir. 0-5% hacminds doldurucunun konsentrasiyasmin,
udulma dozasimin va termoelektret halinin elektrofiziki xassalara tasiri miisyyen edilmisdir.Dielektrik niifuzlugu ('),
dielektrik itki faktoru (g"),elektrik kegiriciliyi () 25+10°Hs tezlik va 0-200kGr udulma dozasi diapozonunda tadqiq
edilmisdir. Naticalor gostormisdir ki, dolgu konsentrasiyasimin ve siialanma dozalarimin artmasi dielektrik vo kegirici
xassalari shamiyyatli deracada dayisir ve bu, nanokompozitlarin miixtalif elektrik tatbiqlari iglin optimallagdiriimasina
dair miithiim malumatlar verir. Bu naticaler gosterir ki, doldurucularm ve siialanmamn nazarstli istifadesi polimer
asasli nanokompozitlarin elektrik performansin ince tenzimlomak tigiin istifads oluna bilar.

Acar sozlor: nanokompozit, dielektrik niifuzlugu, elektrik kegiriciliyi, tezlik.

Introduction

In recent years, one of the most promising and rapidly developing directions in science and
technology has been the production of new nanocomposites. High-density polyethylene (HDPE)
and composites based on it are considered indispensable materials in fields such as the atomic
and electrical engineering industries, cryogenic technology, medicine, and more. Through
various complex methods, nanoparticles are incorporated into the polymer matrix. Such
composites exhibit several unique and promising properties (electrophysical, electret, optical).
Due to these properties, they are valuable in the development of new sensors, photovoltaic
converters, various detectors, piezoelectric materials, and more. Researchers [1, 2] have
determined in their studies that adding inorganic nanoparticles to polymers significantly
modifies the physical properties of polymer materials, enhancing their applications.

Current research shows that composites obtained by adding nanoparticles at various
concentrations, particularly in the range of 1-10%, into the polymer matrix demonstrate superior
physical, chemical, mechanical, and dielectric properties compared to the original polymers [3].

In the current era, the interest in composites obtained by adding nanoparticle-based oxide
materials to a polymer matrix continues to grow consistently [4]. The addition of ultrafine non-
organic particles, such as silicon dioxide (a-Si0z), to high-density polyethylene (HDPE) further
improves the physical and mechanical properties of the polymer [5].

It should be noted that when obtaining a new polymer composite material, it is necessary to
investigate the dielectric permeability (¢), dielectric loss (tgd), and conductivity in both direct
(odc) and alternating (oac) fields after the addition of fillers.

One of the modification methods for high-density polyethylene and the composites
obtained from it (HDPE/a-SiOy) is their irradiation with various types of radiation. Composites
modified by ionizing radiation are even more versatile as composite materials. The essence here
is the dispersity of the structure and the formation of interphase layers. Due to these
characteristics, the application of nanocomposites in micro- and nanoelectronics attracts
considerable interest.

The effect of y-radiation varies depending on the type of polymer. It is known from the
literature [6-10] that +y-radiation affects the structure of polyethylene and alters its
physicochemical properties, causing irreversible changes in the molecular structure of the
polymer. The mechanism of this modification depends on the radiation conditions; it either
increases mechanical strength as a result of the construction process in the polymer molecule or
leads to molecular fragmentation during the oxidation process.
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The increase in dielectric permeability and conductivity in the alternating electric field of
HDPE and its composites (HDPE + a-SiO2) after y-irradiation is due to the increased density of
free radicals and unsaturated bonds. In irradiated samples, the breaking of the molecular chain
and the formation of free radicals lead to an increase in the density of unsaturated bonds.

Conducting the Experiment

In the conducted research, high-density polyethylene (HDPE) with a molecular weight of 95
x 10° g/mol, a crystallinity degree of 52%, a melting temperature of 130°C, and a density of 958
g/cm? marked as 20806-24, and various volumes (P=0.1, 3, 5%) of amorphous silicon dioxide (a-
Si0;) nanofiller (Sky Spring Nanomaterials, Inc. Houston, USA) with a specific surface area of
5=160 m?/g, a density of 2.65 g/cm?, and particle sizes of 20 nm, were prepared as composites
using a thermal pressing method. The powdered high-density polyethylene (HDPE) was
weighed on a scale in predetermined concentrations together with the nanofiller, then the
polymer matrix and the nanofiller were mechanically mixed in a porcelain container until a
completely homogeneous mixture was obtained. The resulting homogeneous mixture was
subjected to a pressure of 15 MPa at a temperature of 130°C for 5 minutes using a hydraulic press
and then cooled in an ice-water mixture [11]. The obtained samples had a thickness of 120-180
pum and a diameter of 40 mm. Some of the samples were initially converted into a thermoelectret
state, while others were irradiated with y-radiation (D=50, 100, 200 kQr). The electrophysical
properties (g, tgd, o) of the samples were investigated before and after the thermoelectret
formation and y-radiation exposure.

To obtain the thermoelectret: HDPE and HDPE+a-SiO, samples are heated from room
temperature to 100°C and kept at this temperature between electrodes in an electric field for 30
minutes. They are then allowed to cool to room temperature, and after cooling, they are freed
from the electric field. The surface charge density is measured using a compensation method
[12]. The gamma radiation exposure of polymer and composite samples was performed using
the MPX-y-25 device based on the ®Co isotope. The measurement of the electrophysical
properties of HDPE and its composites was carried out at frequencies ranging from 25 to 10° Hz
using an E7-20 type impedance meter, under a constant heating regime for the samples.

The electrophysical properties of HDPE and its composites were clarified concerning
frequency, temperature, and dose dependencies at various temperatures.

Discussion of Results

In Figure 1, the dielectric permittivity (¢') dependencies of HDPE and HDPE+x%a-SiO:z
composites (Fig. 1a) and thermoelectrets (Fig. 1b) before y-radiation (D=0) are presented as a
function of various frequencies. It can be seen from the figure that the dielectric permittivity (')
values of the initial HDPE and 1% vol. a-SiO2 nanocomposites are significantly lower compared
to the 3% and 5% vol. nanocomposites at 25 Hz. The dielectric permittivity of HDPE and 1% vol.
a-SiO2 nanocomposites does not depend on frequency, meaning that with the increase in
frequency, the value of € changes slightly (decreases). The 3% and 5% vol. samples obtain high
values at 25 Hz (5.34 and 6.38, respectively), and with the increase in frequency, it decreases
rapidly up to 10* Hz, then weakens and stabilizes at the end (10° Hz). As the volume percentage
of the filler increases (3%; 5%), the value of €' increases; however, in the HDPE+5% «-SiO:-
composite, the value of ¢ decreases approximately 1.97 times with increasing frequency. The
parameter Ag’ = (€'c - €'=), where €'c and €'~ are the low and high-frequency dielectric permittivity,
respectively, encompasses the entire range of dispersion and is equal to Ae’=3.66.

45



R.S. Ismayilova, M.M. Guliyev, A.N. Nabiyeva, N.Sh. Aliyev, N.N.Mehdiyeva

In Figure 1b, it is evident that the character of the & = f(v) dependency does not change; the
values of the dielectric permittivity of the initial and 1% vol. samples do not change with
increasing frequency, while the ¢’ values of the 3% and 5% vol. nanocomposites decrease as
frequency increases. The & values of the 3% and 5% vol. nanocomposites are 4.1 and 3.81,
respectively, at 25 Hz. Only for the 5% vol. nanocomposite does the value of &' become smaller
than that of HDPE and other nanocomposites after the frequency increases beyond 1 kHz (2.66
and 2.18). In the thermoelectret composites (HDPE +5% a-Si0Oz), the total width of dispersion is
also equal to A’ =1.68.
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Figure 1. The dielectric permittivity (¢) dependence on various frequencies of
HDPE and HDPE+a-SiO: initial (a) and thermoelectret (b) composites.

If we compare these graphs, we can see that the parameters of the initial composite samples
differ from the values obtained for the thermoelectret composites; the dielectric permittivity of
HDPE and HDPE +a-5iO2 nanocomposites is lower for the thermoelectret nanocomposites. At 25
Hz, the value of € for the 5% vol. samples of thermoelectrets is 3.81, while for the initial
composites, it is 6.38.

In Figure 2, the situation of these samples after irradiation with a dose of (D=200 kQr) is
shown: it can also be seen that the dielectric permittivity of the initial composites (®=5%) is
approximately 8 at 25 Hz; meanwhile, the dielectric permittivity of the thermoelectret is
approximately 10, which is a noticeable value.
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Figure 2. The dielectric permittivity (¢') dependence on various frequencies of HDPE and HDPE +a-SiO2
ordinary (a) and thermoelectret (b) composites after y-radiation (D=200 kGr).

From Figures 1-2(a,b), it can be seen that the effect of y-radiation absorption dose (D=200
kQr) on the dielectric permittivity of HDPE and HDPE +a-SiO2 composites (0=0-5%) is different.
As the volume percentage of the filler and the absorption dose increase, the value of ¢’ increases.

This is most noticeable when the volume percentage of the filler is equal to 5%. Thus, as the
volume percentage of the filler increases, the radiation resistance of the composite improves.
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After irradiation with D=200 kGt, the following changes are observed in the dependency of
Ae'=f(v):

1. In the 1% and 3% samples, the value of ¢ decreases from 5.34 to 2.52, and no frequency
dependence is observed across all frequency ranges.

2. After transitioning to the thermoelectret state and irradiation, the & values of the 0% and
3% samples increase slightly (from 2.85 to 3.02 for 0%; and from 2.52 to 4.63 for 3%), but no
frequency dependence is observed.

3. After irradiation, the value of & for the 1% and 5% samples increases at low frequencies
(from & =79 to & =9.79), then decreases up to 10"5 Hz, followed by stabilization, meaning the
stabilization frequency of ¢ shifts toward higher frequency regions.

Based on the initial analysis of the obtained results, it can be concluded that after
irradiation, the increase in ¢’ and tgd in HDPE and the composites based on it (HDPE +a-5iO2)
after transitioning to the thermoelectret state can primarily be explained by the increase in the
degree of polarization of the samples.

Figures 3-4(ab) show the dependence of the electrical conductivity of initial and
thermoelectret polyethylene and the nanocomposites based on it on the volume percentage of
the filler before (Fig. 3, a-b) and after (D=200 kQr) (Fig. 4, a-b) y-irradiation, expressed as Igo=f(v).
From the figure (Fig. 3a), it is evident that as the volume percentage of the filler increases, the
electrical conductivity (o) of the composites increases; across all frequency dependencies, the
electrical conductivity of the HDPE +a-SiO: composites is high. Conversely, after irradiation
(D=200 kQr), the electrical conductivity of the thermoelectrets increases (changes); the
conductivity of the initial HDPE and HDPE +1%a-SiOz2 composites increases with increasing
frequency up to the end of the frequency scale, while in the 3% and 5% volume nanocomposites,
this increase continues up to 10* Hz and then stabilizes.

In the thermoelectret polymer and nanocomposites (Fig. 3b), the conductivity of the initial
(HDPE) and HDPE +1%a-SiO:2 nanocomposites continues to increase significantly, with the
conductivity of the 3% and 5% volume nanocomposites being even higher.

After irradiation with a dose of D=200 kGr (Fig.4,a), there are no significant changes in the
dependence Igo=f(v) for the HDPE sample, while the conductivity values of the 1% and 5%
volume samples are higher compared to HDPE and HDPE +3%a-SiO: composites.
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Figure 3. The dependence of electrical conductivity (o) on various frequencies of HDPE and HDPE +a-SiO:
initial (a) and thermoelectret (b) composites.
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Differences in conductivity are also observed in the thermoelectret polymer and
nanocomposites (Fig. 4b), as the conductivity values of HDPE and HDPE +1%a-SiOz composites
increase from 25 Hz to 10° Hz. In contrast, the conductivity of HDPE +5%a-5iOz2 composites
begins to increase from 25 Hz, but after 10* Hz, the increase weakens. During irradiation, the
polymer chains break into smaller segments, during which the crystalline regions are disrupted,
and the amorphous regions (phases) begin to increase. At high values of the irradiation dose, the
polymer chains break, continually improving the amorphous phase and also generating free
radicals, which contributes to the increase in electrical conductivity.
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Figure 4. The dependence of electrical conductivity (o) on various frequencies of HDPE and HDPE +a-SiO:z
ordinary (a) and thermoelectret (b) composites after y-radiation (D=200 kGr).

In Figures 5 (a,b), the dependence of electrical conductivity on the irradiation dose, Igo=f(D
is shown for HDPE, HDPE +a-SiO: initial nanocomposites, and HDPE, HDPE +a-SiO:
composites that have been transformed into thermoelectrets. From the graph, it can be seen (Fig.
5a) that the electrical conductivity of HDPE and HDPE +1%a-SiO2 nanocomposites changes little
with respect to the dose; however, in the 3% «-5i0. nanocomposites, while conductivity
decreases at a dose of 100 kQyr, it increases relatively at a dose of D=200 kQr. The conductivity
value in the 5% a-5i02 nanocomposite is higher compared to the other composites.

In the thermoelectrets (Fig. 5b), the conductivity values are even higher, especially as both
the irradiation dose and the volume percentage of the filler increase, leading to an increase in o.
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Figure 5. The dependence of electrical conductivity on the dose (D=0-200 kGr) for HDPE and HDPE +&-SiO:
initial (a) and thermoelectret (b) composites.

In thermoelectret nanocomposites, the increase in crystalline regions leads to improved
mechanical properties and enhanced chemical resistance. Certain changes occur in polyethylene
and composites after y-radiation. As the irradiation dose increases, defects, unsaturated bonds,
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and free radicals generated from the degradation of the polymer chain increase, which
contributes to the rise in dielectric permittivity. It has also been established that as the irradiation
dose increases, the delocalization of carbonyl groups and charge carriers increases, leading to an
increase in dielectric permittivity (e). However, the dielectric permittivity of thermoelectret
nanocomposite samples increases significantly.

CONCLUSION:

The effect of y-irradiation on the electrophysical properties of YSPE+a-SiO2 nanocomposites
with various concentrations has been studied. Based on the initial analysis of the obtained
results, it can be concluded that after irradiation, YSPE and the composites derived from it
(YSPE+a-SiO2) transition to a thermoelectret state, which is characterized by an increase in € and
tgd. This increase can primarily be attributed to the enhancement of the polarization degree of
the samples and the growth of electrical conductivity. After irradiation, a slight increase in the &
value for the 1% and 5% samples at low frequencies is observed, followed by a shift in the
stabilization frequency of € toward higher frequency regions.
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